The kinetics of the reaction of BLM-Fe(II)-02 with DNA in the absence or presence of 2-mercaptoethanol (2-ME) were studied. The total number of bases released by BLM-Fe(II)-02 in the presence of 2-ME increased about 6.5 times more than that in the absence of 2-ME in the reaction of 6 hours at 37C. The molar ratios of the released bases ware little affected by the reaction time, temperature or 2-ME. Among the four bases, thymine was preferentially released. On the basis of a reaction scheme of BLM-Fe(II)-02 with DNA, the equations were derived by the steady-state method. In the absence of 2-ME, the release of bases from DNA was dependent on the concentration of BLM-Fe(ll)-O2, but independent of the concentration of DNA.
Bleomycin (BLM) is a group of glycopeptide antitumor antibiotics isolated from Streptomyces verticillusl1). BLM causes single-and double-strand breaks in DNA 2'3) and released free bases. Among the bases, thymine was preferentially released4,5). A free radical mechanism6,7) and an enzyme-like mechanism" have been reported for these reactions. SAUSVILLE et al. 6, 9) reported that an oxygen-labile complex was formed between BLM and Fe 21 ion, and TAKITA et al. 10 ) reported the three-dimentional structure of the ferrous complex of BLM and its implication in the reaction with DNA. TAKESHITA et al.11) reported that the base sequence most readily recognized by BLM contained G-T or G-C. The formation of superoxide and hydroxy radicals in BLM-Fe(II)-02 system has been confirmed by ESR.
(SUGIURA et al.12)).
In this paper, we will report kinetic studies of the reaction of BLM-Fe(II)-O2 with DNA in the absence or presence of 2-ME.
Materials and Methods
Bleomycin Bleomycin A2 (BLM) was prepared by Nippon Kayaku Co. (Japan). The Fe(II) complex of BLM was prepared by adding an equimolar amount of ferrous sulfate to the aqueous solution of BLM at 0°C immediately prior to use. VOL. XXXW NO. 4 THE JOURNAL OF ANTIBIOTICS
Chemicals
Chemicals were obtained as follows: Salmon sperm DNA from Sigma Chemical Co., (USA); 2-mercaptoethanol (2-ME), nucleo bases (cytosine, thymine, adenine and guanine) from Tokyo Kasei Kogyo Co., (Japan); ferrous sulfate from Hikotaro Shuzui Co., (Japan).
Determination of bases released from DNA The incubation mixtures (0.5 ml) consist of 0.04 M Tris-HCl, pH 7.8, various concentrations of BLM-Fe(II), salmon sperm DNA and 2-ME. The mixture was prepared at 0°C and 2-ME was added last. After the incubation at 37°C for a given time, the mixture was rapidly cooled in ice bath and 10 µl of 0.5 M acetic acid was added to adjust pH to about 5.9. Immediately, to remove the unreacted DNA, the reaction mixture was passed through a DEAE-Sephadex A-25 (Pharmacia Fine Chemical Co., Sweden) column (0.8 x 2.5 cm) pretreated with 0.05 M phosphate buffer of pH 5.9 and the column was developed with the same buffer. The eluate was lyophilized and then dissolved in 0.5 ml of deionized water. It was subjected to the determination of nucleo bases by high-pressure liquid chromatography.
The bases were completely recovered from the column of DEAE-Sephadex under this condition.
Bases released from DNA were determined with a Hitachi 634A Liquid Chromatograph.
A stainless steel column (4 x 250 mm) which contained Lichrosorb RP-8 (particle size 5 ym, E. Merck, West Germany) was used for the analysis. Fifty lil of the sample was charged on the column and the chromatography was developed with water at a constant flow rate of 0.6 ml/min (pressure: 95 kg/cm2) at room temperature. The absorbance at 264 nm of the eluate was recorded and the amounts of nucleo bases were determined from their integrated peak areas by comparison with a standard curve. Cytosine, guanine, thymine and adenine were eluted in this order and their retention times were 4.4, 7.2, 11.9 and 24.0 minutes, respectively ( Table 1 . In all conditions tested, thymine was most readily Table 1 . Release of nucleo bases from DNA by BLM A2-Fe(H) in the absence or presence of 2-ME. The reaction mixture (0.5 ml) consists of 3.68 x 10-3 M salmon sperm DNA, 6.8x10-5m BLM A2, 6.8 x l0-5 M FeSO4,, 40 mm Tris-HCI, and pH 7.8, 2-ME when added was 1 x 10' M. The reactions were carried out (A) for 5 minutes at 0°C (B) for 5 minutes at 37°C and (C) for 6 hours at 37°C .
The release of nucleo bases was determined as described in Materials and Methods. released (56-66% of the total of the released base) and the molar ratio of the released thymine to the total of the bases released was little affected by varing the reaction conditions.
Cytosine was 18 -31 % of the total, adenine was 8 '-14 % and guanine was most slowly released (0.3-5%).
The reaction-time dependency of the base release was observed only when 2-ME was added to the reaction mixture. It will be discussed in the following section. The total amount of base released was increased about 6.5 times by 2-ME in the reaction at 37°C for 6 hours. The temperature effect on the base release (37°C versus 0°C) was an increase of 1.5 times in the absence of 2-ME and 1.9 times in the presence of 2-ME at 5-minute reaction time. Experimental conditions are the same as described in Table 1 . The reaction time is 5, 10, 20, 30 and 60 minutes respectively. VOL. XXXIII NO. 4 THE JOURNAL OF ANTIBIOTICS minutes, they were released rapidly and thereafter gradually and linearly with the time of the reaction. In the absence of 2-ME, the reaction proceeded as rapidly in the initial phase as in the presence of 2-ME, but it reached a plateau within 5 minutes (data are not shown). The total amount of nucleo bases released in the absence of 2-ME was almost the same as that indicated by extrapolation to 0 time of the line of the total amount of nucleo bases released in the presence of 2-ME, that is, in the absence of 2-ME, 34.4 ,uM nucleo bases were released from DNA by 68 fAM BLM-Fe(II) for 6 hours (Table   1 ) and the extrapolated value at 0 time in Fig.  2 was 31 am.
BLM-Fe(III) does not release bases from
DNA in the absence of 2-ME. Therefore, it can be concluded that in the biphasic reaction of BLM-Fe(II) with DNA in the presence of 2-ME, the first rapid release is due to BLM-Fe(II) initially added and the second slow release is due to BLM-Fe(II) produced by reduction of BLM-Fe(III) by 2-ME.
Kinetics in the Reaction of BLM-Fe(II)-02 with DNA in the Absence of 2-ME
The reaction scheme of BLM-Fe(II)-02 with DNA in the absence of 2-ME can be postulated as shown in Fig. 3 with DNA in the absence of 2-ME satisfies equation (3), that is, k4 is negligibly small but k3 is not.
Kinetics on the Reaction of BLM-Fe(II)-O2 with DNA in the Presence of 2-ME Fig. 3-B shows the reaction scheme of BLM-Fe(II)-O2 with DNA in the presence of 2-ME. Application of the steady-state method gives equation (4), when k_a • R is assumed as negligible. The assumption that k_, is negligible and k, R is small leads to equation (5) .
Where Ke is the dissociation constant of BLM-Fe(III)•DNA complex. Equation (5) can be converted to equation (6) . (5), it can be presumed that v is reduced by an increase of DNA concentration. This presumption was certified by the time course study of the base-release at various concentrations of DNA (Fig. 5-A) . With 0.92 x 10-3 M DNA, the nucleo bases were most rapidly released from DNA and the reaction reached a plateau at 30 minutes. From this result, it was calculated that one nucleo base per twelve to thirteen bases of DNA was released maximally. o was linear at lower concentrations of 2-ME, but curved down at the higher concentrations ( Fig. 7-B ).
This suggests that 2-ME may coordinate to BLM-Fe(III). In fact, the visible spectrum of BLMFe(III) was changed by the addition of cysteine and showed a new absorption maximum at 570 nm (data are not shown).
As described above, the reaction of BLM-Fe(II) in the presence of 2-ME satisfied equations (5) and (6) .
Discussion
BLM reacts with DNA in two steps: Binding to DNA through the bithiazole and terminal amine moieties of BLM13°18), generation of reactive oxygen radicals at the ferrous-binding site ofBLM6,9,10,12) TAKESHITA et a1.11' reported the recognition of base sequence and the base specificity liberated by the reaction of BLM with DNA using the sequence-technique. We confirmed that pyrimidines, especially thymine, were more easily released than purines in salmon sperm DNA (Table 1) and one nucleo base per twelve to thirteen bases of DNA was found to be maximally released by BLM A2 (Fig. 5-A) .
Concerning the mechanism of action of BLM to release bases, the reaction scheme of BLMFe(II)-02 with DNA in the absence or presence of reducing agents can be proposed as shown in Fig.  3-A and -B .
In the absence of 2-ME, the release of bases from DNA was dependent on the concentrations of BLM-Fe(II) but independent of the concentrations of DNA (Figs. 4, 5 -A and Eq. 3). Namely, the reactivity of BLM-Fe(II)-O2 with DNA is determined by k2 and k3 in equation (3) and k, can be neglected.
BLM-Fe(II)-O2 bound to DNA effectively released bases because k2/(k2+k3) value was about 0.5 at 37°C. This means that one half of the BLM-Fe(II)-O2 molecules bound to DNA release bases (Table  I and Fig. 4) ; whereas the reactivity of BLM-Fe(II)-O2 with DNA decreased at 0°C and the value of k2/(k2+k3) was 0.3 (Table 1 and Fig. 4 ). Since BLM-Fe(II) remained without degradation for 30 minutes at 0°C (data are not shown), k, is negligible.
These results suggest that the difference of reaction efficiency between 37°C and 0°C is due to the temperature dependency of k2 and/or k3.
In the presence of 2-ME, the base-release reaction was biphasic. The initial rapid release is due to BLM-Fe(II) added and the second slow one is due to BLM-Fe(II) continually produced by the reduction of BLM-Fe(III) by 2-ME. In the second reaction, the rate of the release of bases was proportional to the concentration of BLM-Fe(II) and of 2-ME, but inversely proportional to the concentration of DNA (Figs. 5, 6 and 7) .
The reaction rate was determined at the step of the production of BLM-Fe(II) from BLM-Fe(III) by 2-ME, namely, k° • R (Fig. 3-B) . Fe(III) in BLM-Fe(III) • DNA complex is hardly reduced by 2-ME because the reaction rate decreased with the increase of DNA concentration (Fig. 5-A) . It is a problem to be solved whether the reduction of Fe(III) by 2-ME occurs in its free form or in its complex with BLM. If BLM-Fe(III) is reduced, the rate of base-release should be proportional to the concentration of added BLM-Fe(II), and if free Fe(III) ion is reduced, the rate of base-release will not be proportional to the concentration of added BLM-Fe(II). Our data indicated that the rate of the base-release is proportional to the concentration of added BLM-Fe(II) (Fig. 6-B) . This result indicates that Fe(III) in BLM-Fe(III) is reduced (Fig. 3-B) , although SAUSVILLE et a1.° reported that free Fe(III) generated by the oxidation of BLM-Fe(II) may undergo reduction by a reducing agent and become available for the further reaction with DNA.
At higher concentrations of 2-ME, the plot of v versus [R]0 curved down ( Fig. 7-B) . This suggests that 2-ME may coordinate to BLM-Fe (III). In fact, the visible spectrum of BLM-Fe(III) showed a new absorption maximum at 570 nm by the addition of cysteine (data are not shown). BLM binds strongly with Cu2+ and forms an equimolar complex BLM-Cu(II). When metal-free BLM is injected, BLM binds partially or completely with Cull in the blood12',. BLM-Cu(II) does not cleave DNA in vitro, but does in vivo. The copper in the BLM-Cu(II) is reductively removed18) and replaced by Fe2) in cells.
Accordingly, me tollowing two rotes of reducing agents in me action of BLM to DNA in cells can be proposed: First, the reductive removal of the copper from the BLM-Cu(II); second, the production of BLM-Fe(II) from BLM-Fe(III).
Since the rate-determining step in DNA breakage by BLM-iron complex in the presence of reducing agents is ke • R, BLM action should be dependent on the kinds and concentrations of reducing agents in cells.
